Cuscuta campestris Yunck. is a parasitic plant, acquiring nutrients from the hosts. Although a generalist, its hosts differ in their susceptibility. Ipomoea tricolor Cav. is a semi-compatible host -C. campestris growth is restricted in infected plants. We aimed to assess the effect of the parasite on this semi-compatible host by using the sensitive JIP-test to follow physiological changes in leaves at different vegetative stages -aged, mature, and newly emerging. The characteristics of the photosynthetic machinery were estimated by 17 parameters, calculated from the prompt chlorophyll a fluorescence. The most sensitive were performance index of photosystem II, performance index of photosystems I + II, and number of QA redox turnovers until maximal fluorescence is reached. The infected I. tricolor plants responded to the parasite by activating the electron transport in PSII in later periods. The oldest leaves and the youngest leaves developed certain adaptation to the parasite but the younger did not. The effect of the parasite on the photosynthetic apparatus depended on the physiological age of the host plant leaves.
Introduction
Originally a North American species, the field dodder, Cuscuta campestris Yunck., have been introduced and spread worldwide, causing significant ecological and agricultural problems (Parker 2012) . Cuscuta campestris is a stem holoparasitic plant. It penetrates the stem or leaves and establishes connection to the xylem and phloem of the host plants, extracting water and nutrients. The organ of parasitism -haustoria, is common for all parasitic plants, although anatomical and physiological differences exist between different families (Yoshida et al. 2016) .
C. campestris is considered a nonphotosynthetic heterotrophic plant, although it retained most of the photosynthesis-related genes and chloroplasts, and has limited photosynthetic ability under certain conditions (Revill et al. 2005 , McNeal et al. 2007 ). Carbon dioxide fixation in Cuscuta does not produce the final metabolites (sugars and phosphorous esters) of the Calvin cycle but metabolites (such as pyruvate, malate, and aspartate) some other mechanisms exist.
Impact of Cuscuta species, especially C. reflexa and C. campestris, on host biomass, photosynthesis, and source-sink relations has been studied extensively. It was found that C. campestris infection prevented flowering of M. micrantha and caused almost complete death of the aerial parts of the host in about 70 d (Shen et al. 2005 (Shen et al. , 2007 . Cuscuta campestris infection significantly reduced the light-utilization efficiency and light-saturation point of the host, which led to reduced net photosynthetic rate of the fully expanded mature leaves. Besides resource capture by C. campestris, the decreased photosynthesis resulted in reduced growth of the infected M. micrantha plants -reduced total biomass, changed biomass allocation patterns, a reduced number of leaves, leaf area, stem length, and biomass. Total biomass of the infected host and the parasite was significantly lesser than that of the uninfected plants (Shen et al. 2005 (Shen et al. , 2007 . Severe inhibition of growth and dry matter accumulation in the host plants was found in the presence of C. reflexa, but the total biomass of host plus parasite was almost the same as that of uninfected plants , Press et al. 1999 . This is a result of activated photosynthesis in host plants as a reaction to compensate the powerful sink of the parasite. It seems that there is not a common mode of how a parasite affects host photosynthesis.
Although C. campestris is considered a generalist, e.g., feeding on multiple host species, which determines its wide success, and hosts may differ in their susceptibility to infection. Tomato (Lycopersicon esculentum Mill.), belonging to the same order as dodder -Solanales, family Solanaceae, and Ipomoea spp., belonging to the dodder's family (Solanales, Convolvulaceae) are known as fully or partially tolerant (Singh and Singh 1997) . Assuming that dodder's effect on host's photosynthesis is not simply a resource-depletion event, a question has risen whether such effect would be also exhibited in a semi-compatible host-parasite interactions.
Illumination of dark-adapted leaf tissue leads to prompt chlorophyll (Chl) a fluorescence (PF), and the obtained curves provide information about functioning and structure of the photosynthetic apparatus (Kautsky and Hirsch 1931, Strasser et al. 2000) . The PF induction curves (IC) were named O-J-I-P. The approach based on analysis of transient Chl a fluorescence is known as JIP-test (Strasser et al. 2004) . The characteristic name, JIP-test, originates from the specific points on the curves of PF signal (Tsimilli-Michael and Strasser 2013a). Chl a fluorescence IC are based on the theory for energy flux in thylakoid membranes (Strasser et al. 2000) . PF measurements provide information about plants physiological condition, especially about PSII and electron transport chain in lightdependent phase of photosynthesis Strasser 2008, 2013b) . PSII in thylakoid membranes is the first component in plants, which can react to even the smallest distortions in plant functioning (Stirbet and Govindjee 2011) . Measuring the Chl a fluorescence in vivo is a cheap, easy, noninvasive, informative, and highly sensitive method to observe the first symptoms of stress in plant organisms (Tsimilli-Michael and Strasser 2008) . The JIP-test has become one of the popular tools in photosynthetic investigations (Strasser et al. 2010 , Chen et al. 2014 , Kalaji et al. 2014a Zhang and Liu 2016) .
The review of the available literature showed that effects of the parasite on the host are different, and can be expressed in suppression or activation of biomass production, which is also associated with modification of photosynthetic activity in the host leaves. In vivo measurements of Chl a fluorescence are a suitable approach to follow changes in the light reactions of photosynthesis in infected semi-compatible host plant because of the JIP-test high sensitivity. Analysis of OJIP kinetics can be useful tool for assessment of the environment impact on photosynthetic organisms, including effects of parasitic plants on host. The aim of this study was to investigate effects of parasite plant Cuscuta campestris on PF in leaves of different ages of the semi-compatible host plant Ipomoea tricolor. Cuscuta campestris seeds were from the laboratory collection of Sofia University -Telish population, Cherven Briag municipality, Pleven province, the Danubian plain, Bulgaria (GPS 43°19'27.3"N, 24°15'15.8"E), voucher herbarium SO 107784 in the Herbarium SO (Sofia University 'St. Kliment Ohridski'). Seed were surface-sterilized and seed coat was removed by 15 min incubation in concentrated H2SO4, then placed on water-soaked filter paper in a Petri dish and germinated at 30°C, for 48 h.
Materials and methods

Growing of
Infection of I. tricolor plants with C. campestris:
The experiment was conducted in November-December with ten pots with I. tricolor, five of which were infected with C. campestris. The infection was done at the stage of fully developed second non-embryogenic leaf (28-30 d of vegetation), when the plants were briefly moved to a glasshouse under natural sunlight for approximately three days. C. campestris seedlings of 2-3 cm length were placed close to host plants and the host-parasite pairs were moved back to the growth chamber when macroscopically visible haustoria were formed.
Chl a fluorescence measurements: The prompt Chl a fluorescence was measured using MPEA fluorometer (Hansatech Instruments Ltd., Norfolk, UK) after a dark adaptation for about 60 min, at the middle part of the leaf blade. The PF protocol included 1-s pulse with high light intensity of 4,000 µmol(photon) m -2 s -1 .
The Chl a fluorescence measurements started when the first non-embryonic leaves (marked as L1 on Fig. 1A) had grown enough to be measured -after 15 d of vegetation, 0 d of the measurements. They were the oldest leaves, and their Chl fluorescence was measured during the entire experimental time, i.e., 0-35 d (Fig. 1B ). After 28 d, most of L1 were withered, and just few were measured. The measurements of the younger, second true leaves -L2, started 4 d later (19 d of vegetation), and they partially aged during the experiment. For the third, youngest leaves -L3, the first measurement was carried out 18 d after the beginning of the experiment (33 d of vegetation). Control plants were measured simultaneously at the same age leaves and at the same days.
JIP-test parameters used for evaluation of effects of parasite C. campestris on structure and functioning of I. tricolor were calculated from the obtained data for Chl a fluorescence on the base on the equations given by Strasser et al. (2004) and Stirbet and Govinjee (2011) . They are presented in Appendix.
Statistical analysis:
The experiment was carried out with ten equally developed plants, randomly divided into control group and C. campestris-infected group. Some of the leaves became yellowish and died during the senescence, so the Chl fluorescence cannot be measured. That is why the number of the samples had been reducing during the experiment. Average values of the induction curves and standard errors were calculated for all the investigated groups and times as follow: for control L1 from 16 to 6 measurements for each curve from 0 to 25 d, average of three measurements for 28, 30, and 32 d, and one measurement only for 35 d (most of the leaves were already withered); for control L2 leaves -between 12 and 6 measurements; for control L3 leaves -6 measurements for all the investigated times; for the three groups of leaves of different age -L1, L2, and L3, from infected plants 5 measurements were averaged, with exception L1 on 35 d -4 measurements (one leaf had withered); and L3 on 18 d -2 measurements (L3 leaves in the other three pots were still not developed).
Results and discussion
Cuscuta campestris infection and growth: The initial stages of C. campestris parasitism on I. tricolor were relatively fast. Coiling was observed within 24 h, and haustoria were formed within 48-72 h of C. campestris seedlings placement in the pots with I. tricolor. Successful penetration and establishment of connection with the vascular elements of the host was confirmed microscopically ( Fig. 2A-C) . The further development of the parasite was highly restricted (Fig. 2D ). Approximately 30% of the C. campestris plants did not developed at all. The growth rate of the others was very slow and by the end of the experiment the stem length ranged between 2 and 6 cm.
After 35 d of the experiment, the first true leaves (L1) in the control I. tricolor plants were significantly changed to completely yellow, while the remaining two types of leaves (L2 and L3) retained their green color and functional activity (Fig. 3A ). In infected with C. campestris plants, L1 were still green after 35 d, but the color of younger L1 and L3 was more pale compared to control leaves ( Fig. 3B ). All the three types of leaves maintained their activity.
Prompt Chl a fluorescence: The newly emerged leaves were physiologically different from the older ones, and their stress responses might be different. The leaf reaction depends on its physiological conditions, including the age (Shen et al. 2007 , Yordanov et al. 2008 . Changes in plants' physiological state reflect in different course of Chl a fluorescence transitions during its characteristic phases O-K, O-J, J-I, and I-P. That is why we investigated responses to the infection in three types of leaves of different ages. Changes in the IC shape can be visualized by difference curves (DC) calculated as a difference in fluorescence values between stressed and control objects (Strasser 2004, Tsimilli-Michael and Strasser 2013a) . The differences in the IC shapes during the characteristic phases are manifested as specific bands in DC: L band [between O and K (300 μs)], K band (O-J), H band (J-I), and G band (I-P) (Strasser et al. 2004, Stirbet and Govindjee 2012) . We carried out standard OJIP analysis of the IC of PF, and calculated DC to evaluate the influence of C. campestris infection on I. tricolor photosynthetic apparatus (PSA). The shape of the induction rise of Chl a fluorescence, measured on the leaves of control and infected I. tricolor plants, varied depending on both the age of the plant and the C. campestris infection.
We analyzed the changes induced by C. campestris infection in IC of PF in I. tricolor leaves in three steps:
(1) Analysis of PF in leaves of different ages -L1, L2, O, J, I, and P characteristic steps of Chl a fluorescence IC were used for calculations of different JIP-test parameters and estimation of structural and functional changes in PSA. The calculated JIP-test parameters for the third step of the analysis for all the three types of leaves are shown below as spider plots (Fig. 7) . 
IC from infected and control
DC of the oldest leaves L1 from infected and control I. tricolor plants:
The OJIP fluorescence rise reflects QA reduction, with QA poise depending on the poise of the intersystem electron carriers, which, in turn, depends also on the redox state of P700 (PSI reaction center). DC obtained for the oldest leaves -L1, showed that the C. campestris infection disrupted the balance throughout the whole system and simultaneously affected all phases of OJIP transients (Fig. 4A ). The phases were not stable. The effects varied greatly over the vegetation period. The often-changing PSA characteristics reflected the host's struggle with the parasite. A depletion was observed after 35 d, when the highest positive differences were noticed.
L-band (50-300 μs):
Changes in the differences in PF IC during the O-K time interval reflect the level of PSII grouping within the thylakoid membrane and the probability for redistribution of the excitation energy between them. The PSII antenna complexes are not fixed, they can move, they have changed during the plant growing and developing, and thus the efficiency of interaction between the antenna complexes has changed during the vegetation. Changes in L-band reveal if the PSII antenna complexes are energetically connected (grouped) or separated (ungrouped). The differences in the formed L band (∼ 150 μs) may be positive or negative. Negative values mean greater grouping, and positive differences Positive and negative L-bands ( Fig. 4B ) formed at the different terms of the investigation -in the infected plants the Chl synthesis was modified. Antenna complexes were activated on the days 25 and 28. At the last days of the investigation, slight exhausting and antennae inactivation were observed as a result of infection.
K-band (50 μs-2 ms): K-band reflects photochemical reduction of QA and partial reoxidation of QAby PQ (via QB). The K-band, formed in this phase at about 300 µs, provides information about the oxygen-evolving complex (OEC), particularly Mn-complex in PSII donor side (Strasser 1997 , Yusuf et al. 2010 , Stirbet et al. 2014 . It characterizes the ratio of the electron transport rates between donor and acceptor side of PSII, and indicates how they function. The differences in K-band could be positive -due to slower electron transport from the donor side (because of OEC inactivation) and/or faster electron withdrawing from the acceptor side, or negative -because of faster electron transport from the donor side (electron transport acceleration) and/or slower withdrawing of electrons from the acceptor side (electron transport delay).
Both positive and negative differences in K-bands were formed in L1 (Fig. 4C ). Some activation of the electron transport resulted in negative K-band values at 25 and 28 d. Afterwards, OEC inactivation took place in positive K-band forming.
H-band (2-30 ms):
The shape of the DC from J-to I-steps reflects the dynamics of the reduction of the PQ pool between the two PS. Aging-induced alterations in the DCs were a result of changes in relative volumes of the PQ pool and the number of electrons required to fully reducing the PQ pool to level I. If the PQ pool capacity decreases, the rate of reduction will be higher and this will result in positive values of the transient band. Conversely, if the influenced factor (C. campestris infection in this case) increases the relative size of the PQ pool, there will be negative values for that band. H-band characterizes the PQ pool volume (number of active PQ molecules functioning between the two PS), as well as the electron transfer to QAand the rate of electron withdraw from QA -, so H-band represents the dynamics of reduction of PQ pool. Positive differences mean the PQ pool is relatively smaller, and negative -if the PQ pool is relatively bigger.
The positive values of the differences in H-bands in L1 leaves (Fig. 4D ) demonstrated that C. campestris infection affected mainly the slow reducing part of PQ pool in the oldest leaves. PQ pool was relatively small in the infected plants, and bigger in the control ones.
G-band (30-300 ms):
This interval reflects the reduction of the PSI end electron acceptors and the rate of this reduction determines the shape of G-band. With a larger end acceptors pool, the rising to the maximum will be slower, and this will be manifested in negative values of the transient band. If the pool of PSI end electron acceptors decreases, the transient will be faster, and a positive peak in the DCs will appear. This curve gives information about the PSI functioning and reoxidation of the PQ pool from PSI carriers.
G-band characterizes the PSI end electron acceptors condition, and the relative size of end PSI acceptors pool could be estimated. The differences in G-band will be positive when the acceptors pool is relatively smaller; and negative -if the pool is bigger. The amplitude of the differences (with maximum at about 150-200 ms) informs about electron transfer between the pool of reduced PQ and the pool of PS1 end acceptors.
There were two phases in G-band of the DC. Negative values of the differences between infected and control I. tricolor plants revealed an increase of the relative size of the PQ pool in the infected plants, and the positive values evinced an increase of the easily accessible molecules. On 32 d, the negative amplitude in DC was very small, and differences turned to positive values earlier. Оn the last day (35 th ) the differences were with positive values until 100 ms, and negative ones during the second half of the G-band. A probable reason for this biphasic signal pattern might be a heterogeneity in electron acceptors (NADP + ) localization in relation to the acceptor side of PSI. By decreasing the relative part of the more accessible acceptors, their reduction will accelerate and this will lead to formation of positive amplitudes in DC, and vice versa -increasing of the accessible acceptors will slow down their reduction and negative amplitudes will be formed.
DC of the L2 leaves from infected and control I. tricolor plants:
The differences in the fluorescence IC between younger leaves L2 in infected and control I. tricolor plants are shown on Fig. 5A . L2 leaves were measured from 16 to 35 d. A depletion in the leaves from infected plants was revealed.
There were not big differences between infected and control plants during O-K phase from 18 to 32 d -just tiny negative values of L-bands ( Fig. 5B ). L-band positive values on the first measurement (16 d) and at the end of the investigated period (35 d) reflected the first reaction of the youngest L2 leaves from the infected plants, and some exhausting at the end of the experiment.
K-band positive values on 16 and 18 d reflected OEC inactivation in L2 leaves of infected plants. Then some adaptation took place and K-band negative values from 21 to 32 d indicated electron transport activation (Fig. 5C ). An exhaustion at the end of the period (35 d) was revealed by positive K-band.
The positive differences in H-band (except 21 d) meant relatively small PQ pool, and suppression of its reduction as a result of C. campestris infection (Fig. 5D ). The most interesting were C. campestris effects on G-band (Fig. 5E) .
The positive values of the differences were probably a result of decreasing the pool of PSI end electron acceptors in infected plants. At the 35 d, the relative size of NADP + pool increased (a strong negative peak), probably due to some retarding effect of C. campestris on aging processes.
DC from the youngest leaves L3 from infected and control I. tricolor plants:
The differences in IC from youngest leaves L3 of infected and control I. tricolor plants are shown in Fig. 6 . L3 appeared and developed entirely in the C. campestris presence. The first measurement for these leaves was at 18 d of the investigation, when the biggest positive differences were observed (Fig. 6A ). Afterward the differences decreased gradually until 28 d, and slightly increased in the latest periods. A well-pronounced relative ungrouping of antenna complexes in infected plants was visible in L-band on 18 d (Fig. 6B) , after that their grouping was almost the same as in control plants. The strong positive K-band at the same, 18 d, indicated strong L3 reaction to the infection, with OEC inactivation and slower electron transfer to PSI donor side, and probably faster electron uptake to the acceptor side (Fig. 6C) . The PQ pool was relatively small in the infected plants, and all the differences were positive (Fig. 6D) . The relative size of NADP + pool was bigger in the L3 leaves from the infected plants in comparison with the control ones (Fig. 6E) .
The youngest L3 leaves showed strong response to C. campestris infection on the first measurement, 18 d, when they just appeared. Later, they adapted to the parasite, and all of the PF parameters were close to the control ones during the investigated period.
Dynamics of the differences in the IC during the whole investigated period revealed that the parasite effects on host leaves were different for each of the four phases, and strongly depended on the leaves age. Detailed analysis of the differences between the infected and control plants during the four characteristic phases is given in supplementary information (Fig. 8S, supplement) .
JIP-test parameters provide better visualization of effects
of C. campestris infection on I. tricolor leaves of different ages (L1, L2 and L3). As presented in Fig. 7 , 17 JIP parameters were calculated from the induction curves of the prompt Chl a fluorescence as a ratio of the parameter value for infected plants to the value of the same parameter, the same day, for control plants. Thus, obtained ratios for a certain parameter were normalized to the maximal value of that parameter.
For all the three types of leaves, the parameters performance index of PSII (PIABS) and performance index of both photosystems (PItotal) were very sensitive to the C. campestris infection. PIABS describes PSII condition and how it works. In the oldest L1 and L2, some inactivation was observed -the PIABS values decreased in comparison to the 16 th d. L3 responses to the infection were opposite, i.e., increased values compared to the first measurement at 18 d, which means PSII activation in the parasite presence. PItotal is a parameter giving us information about the functioning of both PSI and PSII. It showed some activation of PSI due to the infection -on 28 and 32 d for L1, on 21-28 d for L2, and on 21 and 25 d for L3. Another parameter, the number of QA redox turnovers until maximal fluorescence (FM) is reached (N), was significantly affected in L3 by the parasite C. campestris, i.e., the number of electrons needed for full reduction of all the carriers after QA until reaching FM -the electron flow decreases due to the activation of the reaction centers (γRC increased). The most stable was the parameter φP0, the quantum yield of the primary photochemical reactions of PSII; it almost did not change under the infection.
Influence of dodder parasitism on the photosynthetic apparatus and aging of leaves:
The plant functions as a unitary, complex system with constant interaction between its different organs. Newly developing leaves need nutrients and energy, which they obtain from earlier appeared, older leaves. First, embryonic leaves, exist and work until the true leaves develop, then senescence begins, and finally they wither. Programmed cell death by apoptosis accompanies aging processes, but senescence depends not only on the age of the leaf, it is more related to whether the plant needs that leaf or if the need is already eliminated (Lim et al. 2007) . In our experiment, the aging of the leaves was delayed because the plant needed them to compensate for the effect of the parasite. Delayed leaf senescence in infected plants, resulting in stimulation of canopy photosynthesis, was reported by Press et al. (1999). In our previous studies, we have demonstrated that decapitation (removing the apical bud) of bean plants not only delayed the senescence in primary (embryonic) leaves but induced rejuvenation in the leaf cells revealed by prompt and delayed Chl fluorescence analysis (Yordanov et al. 2008) .
PSA is a very sensitive structure, and its functioning changes under even slight stress. JIP-test allows us to reveal small alterations in PSA condition and functioning (Kalaji et al. 2014c (Kalaji et al. , 2016 (Kalaji et al. , 2017 The JIP-analysis of the effects of parasite C. campestris on I. tricolor plants revealed differences in sensitivity of different processes in PSA.
C. campestris effect on the antenna complexes grouping in the investigated three types I. tricolor leaves of different ages was relatively small, with a tendency (more noticeable in the youngest leaves L3) for some ungrouping in the first days after the infection.
There was some similarity in dynamics of the electron transfer between donor and acceptor side of PSII (K-band) in leaves L1 and L2. The first plant response to the infection was an inactivation of OEC, slower electron transport from donor side, and retarded electron withdrawing from acceptor side observed in infected plants in first days. Infected I. tricolor plants were fighting the parasite by activating the electron transport in PSII in late periods (negative K-band). Small positive K-band showed little OEC activation and slower electron transfer at the end of the investigation period, i.e., some adaptation of the host plant.
L3 leaf responses were different -after the first OEC inactivation, slower electron transfer in PSII, an adaptation to the parasite occurred and the K-peaks values of infected plants were equal to the control ones.
Cuscuta campestris infection resulted in a slight but lasting decrease in the PQ pool size -all the differences in H-band between infected and control plants had positive values, except for day 21 in L2. The most interesting was the dynamics of the accessible end electron acceptors of PSI manifested by differences in G-band. The C. campestris effect on I-P phase was quite different in the three types of I. tricolor leaves; the biggest differences between infected and control plants were observed during that transition. The oldest leaves L1 responded to the infection by increasing the size of PSI end acceptors until 28 d; the decrease was found after 32 and 35 d. Completely opposite reactions were observed in the younger leaves L2a reduced size of accessible PSI end electron acceptors until 25 d, and the increased size during the latest periods. In the youngest leaves L3, the number of accessible PSI end acceptors was bigger than that in control leaves during the whole period with maximal difference on day 18; an exception occurred after 21 d, when a small positive difference was observed.
The oldest leaves L1, which were well developed before infection, responded to the parasite until day 28, then some adaptation occurred, and the values of the four characteristic bands were close to the control ones.
Electron transport reactions (O-J and I-P transitions) were the most sensitive to C. campestris infection in L2 leaves. Those leaves did not achieve adaptation to the parasite.
The youngest L3 leaves appeared after the infection, and they were completely developing under C. campestris influence. They reacted strongly at the first day of the measurement -18 th d of the experiment, after that, they achieved some adaptation, and, except G-band, the characteristic phase values were close to the control ones. They did not reach leaf senescence during the experiment.
Conclusion:
The fact that different areas of the IC were affected means that the C. campestris infection influenced the entire electron transport chain in all of the I. tricolor leaves. PSA reactions to the C. campestris infection depended on the leaf age but for all the three types of leaves, I-P transient was the most sensitive to the infection. Our results are in agreement with the results of Shen et al. (2007) who found that changes in photosynthetic reactions in leaves of Mikania micrantha, infected with C. campestris, depended on the leaf age. The presence of the parasite C. reflexa induced a sink-dependent stimulation of net photosynthesis in host and caused a delay in leaf senescence in Ricinus communis and in Coleus blumei . Further studies on the influence of the parasite C. campestris on its hosts are needed to reveal mechanisms of parasite-host interaction and to develop more effective methods for control and prevention of crop infestation with C. campestris. JIP-test analysis of Chl a fluorescence is a very perspective method for assessment of those interaction mechanisms. Fig. 7 . JIP-test parameters in leaves of different ages (L1, L2, and L3) calculated from the induction curves of the prompt Chl a fluorescence as a ratio of the parameter value for Ipomoea tricolor infected with Cuscuta campestris plants to the value of the same parameter, the same day, for control plants. Thus obtained ratios for a certain parameter were normalized to the maximal value for that parameter. © The authors. This is an open access article distributed under the terms of the Creative Commons BY-NC-ND Licence.
Appendix. Definition of selected OJIP parameters according to Strasser et al. (2004) and Stirbet and Govindjee (2011) .
Parameter
Definition Trapped energy, i.e., energy utilized for reduction of pheophytin and primary quinone acceptor QA ET0
Electron transport from QAto the next electron acceptors between the two photosystems RE0
Energy/electron flux for reduction of end acceptors in acceptor side of PSI -NADP and ferredoxin ϕEo (ET0/ABS) Efficiency/probability for the electron in PSII to move further than QA --quantum yield for electron transport, ϕEo = ET0/ABS = ϕPo × ψ0 = (1 -FO/FM) ψ0 ψ0 (ET0/TR0) Efficiency of the trapped exciton to transfer an electron from QAto the next electron acceptors over the electron transport chain between the two photosystems, ψ0 = ET0/TR0 = 1 -VJ ρ0 (RE0/TR0) Efficiency of the trapped exciton to transfer an electron over the electron transport chain from QAto the end electron acceptors of PSI, ρ0 = RE0/TR0 = ψ0 × δ0 ABS/RC Absorbed energy flux in antenna chlorophylls per PSII reaction center (a measure of PSII apparent antenna size) TR0/RC Trapped energy flux per RC, TR0/RC = M0 (1/VJ) ET0/RC Electron transport flux further than QAper PSII reaction center DI0/RC Dissipated energy flux per PSII reaction center at t = 0 RE0/RC Electron flux reducing end electron acceptors at the PSI acceptor side, per PSII reaction center DI0/RC Heat dissipation of excitation energy by PSII reaction center ET0/RC Electron transport flux further than QAper PSII reaction center ϕPo (TR0/ABS) Maximum quantum yield of primary photochemical reactions in PSII RC, ϕPo = TR0/ABS = 1 -FO/FM δR0 (RE0/ET0) Efficiency/probability for an electron to be transferred from reduced carriers between the two photosystems to the end acceptors of PSI, δ0 = RE0/ET0 = (1 -VI)/(1 -VJ) ϕRo (RE0/ABS) Quantum yield of the electron transport from QAto the end electron acceptors of PSI, RE0/ABS = φRo = φPo × ψ0 × δ0 ϕDo
Expresses the probability for the energy of absorbed photon to dissipate as heat, the quantum yield of energy dissipation at time zero, ϕDo = 1 -ϕPo = FO/FM γRC Probability for given chlorophyll a molecule in PSII to be a reaction center RC/CS0 Density of active PSII reaction centers (RC) per cross section , RC/CS0 = ϕPo × (VJ/M0) × (ABS/CS0) PIABS Performance index (potential) for conservation the energy absorbed by PSII RC until the reduction of intersystem electron acceptors PItotal Performance index (potential) for conservation the energy absorbed by PSII until the reduction of PSI end electron acceptors
